Glutathione (GSH, L-γ-glutamyl-L-cysteinyl-glycine) is present in most eukaryotic organisms. The tripeptide has a decisive role in bioreduction, defense against xenobiotics and oxidative stress, sulfur and nitrogen metabolism. The genes involved in GSH biosynthesis and conjugation reactions with xenobiotics have been subjected to computational study in four yeast species with different type of sugar metabolism: Saccharomyces cerevisiae (fermentative), Kluyveromyces lactis and Pichia pastoris (respiratory), and Cryptococcus neoformans (oxidative). The predicted subcellular localization of the enzymes coded by these genes was also studied. The data from the in silico analysis of the examined coding DNA and amino acid sequences demonstrate general conservativeness in all studied yeast strains regarding GST synthetase and transferase enzymes. However, significant differences were found in the representatives with fermentative, respiratory and oxidative metabolism in respect to both genes homology and predicted intracellular localization of the enzymes coded by them. The latter peculiarity apparently contributes to the cellular metabolic plasticity and adaptability to different environmental conditions.
Introduction
The tripeptide glutathione (GSH, L-γ-glutamyl-L-cysteinylglycine) is a crucial radical scavenger and an important antioxidant molecule in yeasts. It plays an important role in bioreduction, detoxification of endogenous toxic metabolites, as well as in response to nutritional starvation. This important thiol peptide is also involved in the protection of the cells against oxidative stress provoked by exposure to reactive oxygen species including peroxides and hydroperoxides, in detoxification of xenobiotics, and resistance to heavy-metal stress (29) .
Glutathione is synthesized in two sequential reactions catalyzed by γ-glutamylcysteine synthetase (EC 6.3.2.2, Gsh1) and glutathione synthetase (EC 6.3.2.3, Gsh2) in the presence of ATP (36) . Since the GSH1 gene encoding the former enzyme is one of the targets for the transcription factor Yap1p (a positive regulator of gene expression involved in tolerance to oxidative stress), intracellular GSH content is increased with oxidative stress (11, 15, 23, 43) . Glutathione transferases (GSTs) are the main cellular tool for detoxification of xenobiotics catalyzing the conjugation of nonpolar compounds that contain an electrophilic carbon, nitrogen or sulfur atom to reduced glutathione (21) . In this way, GSTs contribute to the metabolism of drugs, pesticides and other harmful compounds. Some products of oxidative stress, such as peroxides, are also substrates of these enzymes. GSTs' activities are upregulated in several types of tumours and are implicated in chemotherapy resistance (28) .
In the present study four yeast species, representing different type of sugar metabolism: fermentative -Saccharomyces cerevisiae, respiratory -Kluyveromyces lactis and Pichia pastoris, and oxidative -Cryptococcus neoformans (42) , were used as a model for in silico analysis of γ-glutamylcysteine synthetase (Gsh1), glutathione synthetase (Gsh2), and glutathione transferase (Gtt1, Gtt2, Gtt3) enzymes. The nitrogen catabolic gene expression regulator -Ure2p, was also studied since its C-terminal region shows structural similarity to glutathione S-transferases (GSTs) and expresses such function too (9, 16, 37, 39) .
Materials and Methods

Identification of duplicate and singleton genes
The complete sets of S. cerevisiae, K. lactis, P. pastoris and C. neoformans protein sequences were downloaded from SGD (http://www.yeastgenome.org/), Genolevures (http:// www.genolevures.org/), BOGAS (http://bioinformatics.psb. ugent.be/webtools/bogas/) and Broad institute website (http:// www.broadinstitute.org/annotation/genome/cryptococcus_ neoformans/MultiHome.html).
The regions of local similarity between the sequences were found with Basic Local Alignment Search Tool -BLAST (http:// blast.ncbi.nlm.nih.gov/Blast.cgi). The program compares protein sequences to sequence databases and calculates the statistical significance of matches. Orthologs were identified applying homology detection using E-value cutoff (= 1e -5 ) (24) . Putative paralogs were defined as described by Gu et al. (2003) (E < 10 -10 ).
Intracellular localization of antioxidant enzymes
The intracellular localization of the investigated enzymes was analyzed through PSORT II Prediction software (http://psort. ims.u-tokyo.ac.jp/form2.html).
results and discussion
Yeast cells represent diversity in the mechanisms controlling sugar and energy metabolism adapted to the needs of defined species (table 1). It is known that the type of sugar metabolism in the yeast cell is associated with their response to oxidative stress provoked by reactive oxygen species (ROS) generated through vast endogenous/exogenous reactions and agents (18, 19) . Тhis phenomenon is well described for S. cerevisiae (8) . However, the data about the respiratory and oxidative type of yeasts in respect to the regulatory mechanisms of oxidative stress response are still scarce. The redox balance in the yeast cell, maintained by GSH, can be altered by ROS (2) . Thus, the study of the mechanisms by which glutathione is implicated in the redox homeostatis regulation in respect to yeast metabolic type, is of great importance. This phenomenon is analyzed through in silico approach in respect to GSH biosynthesis and its participation in the detoxification of xenobiotics through conjugation reactions.
In silico analysis of the coding DNA and amino acid sequences of GSH synthetases and their subcellular distribution
The process of GSH biosynthesis is investigated through gene homology and subcellular localization analyses of the GSH synthetase enzymes. In order to present a common picture of the metabolically different yeasts, a comparative in silico analysis of the genome of S. cerevisiae, K. lactis and P. pastoris has been performed. In respect to the γ-glutamylcysteine synthetase it was found that both respiratory strains possess orthologs of S. cerevisiae enzyme, coded by GSH1, with 62% and 46% homology (table 2). The study of Gsh1 subcellular localization in the respiratory yeasts revealed that the enzyme was targeted to the cytosol. However, in K. lactis a signal for nuclear localization was also identified, although with lower frequency (21.7%). Moreover a PTS2 signal -RINYDVLHL, facilitating the co-localization of K. lactis γ-glutamylcysteine synthetase in peroxisomes, was identified at position 625. The peroxisomal localization is reasonable since several peroxisomal enzymes contribute to the generation of ROS (mainly hydrogen peroxide) in this cellular compartment. Among them are the acyl-CoA oxidases participating in fatty acid degradation via the beta-oxidation pathway and D-amino acid oxidases, FAD containing flavoenzymes that catalyze the oxidative deamination of D-isomers of neutral and polar amino acids (31) .
In C. neoformans, the enzyme glutamate-cysteine ligase, encoded by CNAG_06300.2, represents identical functions with S. cerevisiae Gsh1. Such gene (GCS) has been also characterized in C. albicans, encoding the first enzyme in the glutathione biosynthesis pathway (glutamate-cysteine ligase, also known as γ-glutamylcysteine synthetase). It is considered as essential, since the viability of homozygous null mutants can be rescued by gamma-glutamylcysteine, the product of the reaction it catalyzes (4). However, the comparative analysis of the genes in the fermentative and oxidative strains did not show significant similarity in the alignment of the sequences. The result suggests that those genes did not derive from a related gene family and had undergone significant molecular and genomic divergence. The investigation of glutamate-cysteine ligase compartmentalization confirms this phylogenetic difference, identifying sequences that direct the enzyme to the yeast nucleus. In addition, a PTS2 targeting signal KLASHIGHL was found, facilitating the co-localization of the protein in yeast peroxisomes.
The close phylogenetic relationship between the enzymes catalyzing the glutathione biosynthesis in fermentative and respiratory yeasts was additionally highlighted by the comparative analysis of the amino acid sequences of S. cerevisiae Gsh2 and the glutathione synthetase enzymes in K. lactis and P. pastoris. A high degree of similarity was identified using local alignment with KLLA0F07557g -54% and chr1-4_0496 -46% (table 3) . The two genes are considered S. cerevisiae GSH2 orthologs.
The predicted subcellular localization demonstrates some differences between the compartmentalization of glutathione synthetase in the fermentative and respiratory yeasts. Like S. cerevisiae GSH2, the analysis of KLLA0F07557g confirmed its targeting to the cytosol. In addition signals for mitochondrial and nuclear localization of the enzyme were identified, although with lower frequency.
The genome analysis of P. pastoris revealed a possibility for successful compartmentalization of glutathione synthetase in the mitochondria and the nucleus, in addition to the established cytosol localization (table 3) .
Some differences have been noted for the oxidative yeast C. neoformans. A gene coding for the second glutathione synthetase was detected: CNAG_0467.2, located on chromosome X. The alignment of the amino acid sequence of the enzyme showed 38% identity with S. cerevisiae Gsh2. This result allows both genes coding for these enzymes to be defined as orthologs. Besides the amino acid sequence similarity the subcellular localization of C. neoformans glutathione synthase differs from that of S. cerevisiae one. Analysis of the amino acid sequence revealed the existence of N-terminal signal for localization of the enzyme in the cell wall. In addition, in silico study of the enzyme compartmentalization predicted colocalization to vacuoles and cytosol, and Gavel cleavage site at 92 position facilitating mitochondrial targeting of the protein.
The analysis of the similarity (%) between γ-glutamylcysteine synthetase and glutathione synthetase genes within a species showed that no significant similarity between the two genes within a strain was found (table 2 and  table 3) .
The high similarity among the amino acid sequences of the enzymes responsible for the glutathione biosynthesis in respiratory, oxidative and fermentative yeasts confirms their considerable conservativeness. This fact outlines an evolution strategy that preserves GSH mechanisms of biosynthesis, since its role in maintenance of cellular redox homeostasis is ubiquitous (29) .
In silico analysis of the amino acid sequences of GSH transferases and their subcellular distribution
The enzymes GSH transferases play an important role in glutathione metabolism taking part in the detoxification of xenobiotics and other harmful substances. They conjugate xenobiotics or their metabolites to glutathione (GSH), followed by elimination of the conjugates from the cell through ATPase pumps (1, 21) . GSTs are also important in processes such as protection against oxidative stress, regulation of gene expression, or signal transduction (3, 21, 28, 34, 38) . The yeast S. cerevisiae has two proteins with GST activity, the products of the genes GTT1 and GTT2 (14) . A third enzyme with transferase activity and a possible role in glutathione metabolism, as suggested by computational analysis of largescale protein-protein interaction data, is coded by GTT3 (22, 33) . S. cerevisiae also contains three omega-class GSTs (Gto1, Gto2 and Gto3), which are not active against standard GSTs substrates (19) and thus were not subjected to this study.
S. cerevisiae GTT orthologs were found during the analysis of K. lactis and P. pastoris genome databases. K. lactis KLLA0A00264g and KLLA0A11396g code products that are highly similar to S. cerevisiae Gtt1 and Gtt3 (64% and 27% identity), while P. pastoris chr2-2_0116 codes GTT1 ortholog with 39% homology (table 4). The analysis of the subcellular localization of the investigated enzymes proved that Gtt1 orthologs could be successively targeted to the mitochondria: typical Gavel cleavage sites at 28 and 32 positions in the amino acid sequences of K. lactis and P. pastoris were found. In P. pastoris an additional signal for possible direction of Gtt1 to the cytosol was determined. The predicted compartmentalization of K. lactis glutathione transferase, a product of S. cerevisiae GTT3 ortholog, refers to the endoplasmic reticulum and vacuoles, the former being the most probable target (table 4).
S. cerevisiae GTT1 and GTT3 orthologs were found in the C. neoformans genome as well. CNAG_00921.2 encodes an enzyme with glutathione transferase activity representing 38% similarity with Gtt1. CNAG_01005.2 and CNAG_03848.2 encode proteins with more than 60% identity with Gtt3. The C. neoformans glutathione transferase gene family includes three more genes coding products annotated as glutathione-S transferases (table 4). The enzyme coded by GNAG_01893.2 is an ortholog to the GTT3 product with 29% similarity in the amino acid sequences. The alignment of GNAG_01893.2 and CNAG_01889.2 revealed 69% homology, thus they could be considered as paralogs. The glutathione-S transferase coded by CNAG_01889.2 did not demonstrate significant similarity with any of the studied enzymes with glutathione transferase activity in S. cerevisiae. The enzyme coded by CNAG_04110.2 is an ortholog to the GTT1 and GTT2 products with an average homology of 23.5% (table 4) .
C. neoformans Gtt1 was predicted to be localized in mitochondria due to the existence of a Gavel cleavage site at 24 position. Signals responsible for cytosolic incorporation of the three gluthatione transferases were found too. In addition, the product of CNAG_03848.2 possesses two independent signals facilitating nuclear and mitochondrial compartmentalization (table 4). The analysis of C. neoformans glutathione S-transferases revealed the existence of sequences that could successively target the proteins to the cytosol and mitochondria. Additional signals for co-localization of the enzyme coded by CNAG_04110.2 in the cytoskeleton were found. Supplementary nuclear signals in the GNAG_01889.2 and GNAG_01893.2 sequences were localized. In contrast to S. cerevisiae no signals, predictors for localization in the endoplasmic reticulum, were registered in the amino acid sequences of Gtt1 orthologs in all studied strains (table 4) .
Another protein with proved GST function is S. cerevisiae transcription factor Ure2p (5, 37) . This protein exhibits glutathione transferase like activity and was also an object of the present study. It is known that Ure2p is involved in the nitrogen-dependent repression of the ureidosuccinate utilization pathway through inhibition of transcription factor Gln3p and preventing the entry of the latter in the nucleus (17) . In the protein a prion domain (PrD) in N-terminal position and a GST-like functional domain on the C-terminal side can be distinguished (6) . It is proved that the N-terminal 80 residues are implicated in amyloid fibril formation and heritable prion activity (9, 13, 39) . Ure2p peroxidase activity is also revealed in both native and amyloid fibrillar forms of the protein, despite an apparent absence of GSH-activating residues (5, 12) .
The in silico analysis of the model strains showed that K. lactis possesses one orthologous gene to S. cerevisiae URE2 (70% similarity), coding Ure2 protein. Two proteins encoded by chr2-1_0033 and chr2-1_0490 with 68% and 32% identity of S. cerevisiae Ure2p were detected by computational analysis of the P. pastoris genome. The high percentage of homology supposes that the genes in the respiratory strain are in close evolution relationship with that in the fermentative one, i.e. they are orthologs (table 4).
The PSORT II prediction analysis of the intracellular localization of Ure2p revealed that the URE2 product was targeted to the cytosol and the nucleus and a typical N-terminal signal and Gavel cleavage site at 34 position were a predictor for mitochondrial incorporation. Using the same approach nuclear localization of Ure2p in K. lactis was defined. Moreover, the compartmentalization of the enzyme to the cytosol was shown. By analogy, in the other respiratory strain P. pastoris, the products of chr2-1_0033 and chr2-1_0490 were localized in the cytosol (table 4).
